In postcrash aircraft fires, only a few minutes are often available for egress. To assess the potential of combustion gases to impair human escape, a signalled avoidance task was developed for use with the juvenile baboon. After a 5-minute exposure, the animal was required to select and depress the correct lever to open an escape door and exit into the adjacent compartment of a shuttlebox.
INTRODUCTION
All commercial ai rcraft contain a wide variety of interior polymeric materials which, when combusted, evolve toxic decomposition products.
The most preva 1ent product is carbon monoxide (CO), but other toxi cants may be formed, depending on the chemical structure of the material and the combustion conditions. The fire gases are often classified into two major classes, the asphyxiants or hypoxia-producing toxicants and the irritants.
For passengers to survive a postcrash aircraft fire, their escape capability must not be severely impaired by toxic combustion gases during the few minutes available for egress. Our knowledge of the potential for these gases to impair human escape performance is very 1imited.
In studi es of the hypoxi a-produci ng toxicants (CO and hydrogen cyanide [HCN] ), laboratory test methods generally have utilized loss of gross locomotor function or of shock-avoidance response to measure the incapacitating effects of these gases (1). Although the mechanisms of action of both CO and HCN appear comparable in the rodent and man, the correlation between incapacitation of rodents and loss of escape capability in humans has not been established.
As for the irritant combustion gases, studies with rodents have shown that sensory irritants cause a reflex inhibition of respiratory rate whereas a temporary increase in respi ratory rate occurs upon i nha1a-tion of pulmonary irritants (2) . The relevance of these respiratory effects in the rodent to human escape capability also has not been established.
These studies were conducted in order to assess the potential of asphyxiant and irritant combustion gases to impair human escape performance, using a nonhuman primate model and an operant escape task. A secondary objective was to evaluate the usefulness of presently used laboratory methods with rodents to predict the potential of these gases to prevent human escape.
METHODS

Effects of Gases on Escape Performance of Nonhuman Primates
Animal subjects. Male juvenile (ages 2 to 3 years) baboons (Superspecies Papio cynocephalus) were obtained from a breeding colony at the Southwest Foundation for Biomedical Research, San Antonio, Texas. All animals were healthy and free of respiratory problems at the beginning of the study.
ANIMAL EXPOSURE. AND TEST CHAMBERS ESCAPE DOOR
ANIMAL CHAMBER EXHAUST
Ex osure and esca e erformance test s stem. The system for exposure of animals and measurement of escape performance Figure 1 ) basically consisted of three elements: (l) a gas mixing chamber and associated ducts and valves; (2) a gas bypass loop; and (3) a primate escape performance test apparatus. Exposure atmospheres were premixed in the gas mixing chamber and recirculated through the gas bypass loop until the desired concentrations were obtained. For exposure of an animal, activation of appropriate valves removed the gas bypass loop from the system and the atmosphere was reci rcul ated between the gas mi xi ng chamber and one chamber of the primate escape performance test apparatus. i CHAMBER EXHAUST FIGURE 1. Gas mixing/exposure system and escape performance test apparatus for primate tests
The primate escape performance test apparatus was a shuttlebox consisting of two identical chambers separated by a vertically sliding escape door.
Within each chamber was a cage constructed of al umi num bars to whi ch constant current shockers could provide 4 to 8 milliamps of current. Two response levers were mounted on the wall opposite the escape door in each chamber and, above each lever, were two cue lights, one white and one red. During a trial, the white light was activated over one lever and the red light was activated over the other lever, with the sequence randomized by a computer control system. Depressi on of the 1ever over which the white 1i ght was "on" caused the escape door to open; depressi on of the 1ever when its red 1i ght was "on" had no effect.
Escape performance paradi gm.
The behavi ora1 paradi gm for measu rement of escape performance was a signalled avoidance task.
An audio cue (Sonalert buzzer) signalled the start of a trial and, simultaneously, the white light over one lever and the red light over the other lever were turned on to indicate to the subject which lever was the correct response, i.e., would open the escape door. Ten seconds later, an electric shock was applied to the bars of the cage and maintained for 20 seconds.
If the subject pressed the correct lever and moved through the door opening into the adjacent chamber within 10 seconds, the response was designated an "avoidance." If the animal pressed the correct lever and exited after 10 seconds, but withi n 30 seconds, the response was termed an "escape." The response was a "failure" if the subject did not exit the exposure chamber or exited after 30 seconds.
Both avoidance and escape responses were considered escapes or successful performance in the treatment of the data.
A behavioral control system, consisting of a Data General Nova 3 minicomputer equipped with a BRS/LVE Corporation INTERACT System, was used to program and control the escape performance equipment and paradigm and to record performance data. Performance data included: (1) time to first lever press; (2) time to fi rst correct 1ever press; (3) time to chamber exit; (4) number of correct and incorrect lever presses; (5) number of intertrial lever presses (ITIs), i.e., number of presses made prior to initiation of a trial; (6) cumulative number of avoidances and escapes; and (7) number of shock pulses delivered.
Exposures.
The effects on escape performance of a five-minute exposure to each of three combustion gases, CO, acrolein and hydrogen chloride (HC1), were investigated. In each experiment, the exposure of a subject was initiated after the desired concentration of the gas was equilibrated in the gas mixing chamber, thereby enabling the atmosphere to rapidly reach a stable concentration in the exposure chamber.
With CO, each of si x subjects was exposed to each of four concentrations in order to evaluate concentration-response relationships for the escape performance measures and to derive an EC 50 value for escape failure. With acrolein and HC1, usually concentrations were increased in successive experiments until post-exposure lethalities occurred, in an effort to determine a threshold concentration for escape failure. Some animals exposed to lower concentrations were exposed to these gases a second time, with weeks to months intervening and provided the subjects were asymptomatic.
Generat i on and ana lysi s of exposure atmospheres. Compressed gas cyl i nders of pure CO were used to generate CO atmospheres, by meteri ng the gas through a ca 1i brated flowmeter into the gas rec i rcu 1at i on system. Continuous ana lys is of these atmospheres was accompli shed by means of a Beckman 865 non-di spers i ve infrared analyzer.
For the experiments with acrolein, predetermined quantities of liquid acrolein were injected directly into the recirculation system to obtain the desired concentrations of exposure atmospheres. Continuous analysis of these atmospheres was accomplished by means of a hydrocarbon analyzer calibrated by gas chromatographic analyses of frequent syringe samples withdrawn from samp1i ng ports in the exposu re chamber. Hydrogen chl ori de atmospheres were generated by the same procedure as for CO, using a compressed gas cylinder of pure HC1. During each exposure, five one-minute samples of the atmosphere were obtai ned usi ng soda-l ime aborpti on tubes; these samples were desorbed with water and analyzed by titration with mercuric nitrate (3).
EFFECTS OF GASES ON ESCAPE PERFORMANCE OF THE RAT
Ani ma1 subjects.
Ma1e Sprague-Dawley rats (Ti mco Breedi ng Laboratori es, Houston, Texas), weighing between 340 and 500 grams, were used in these studies.
erformance test a aratus and aradi m, A modified commercially available shuttlebox Lafayette Instrument Company, Model No. 85103), consisting of two identical chambers separated by a vertically sliding partition driven by an electric motor, was used to measure escape performance.
Two levers were mounted on each side of the partition in each chamber and a white cue light was mounted above each lever. The floor and top of each chamber consisted of a grid of electrically isolated bars for the administration of an electric shock to the subjects.
The escape performance paradi gm and behavi oral control system were the same as for the primates except that the rat was not required to discriminate between red and white cue 1i ghts because of the 1engthy trai ni ng time required. Each trial was initiated with a tone (Sonalert buzzer) and the lighting of the white 1i ght over each of the two 1evers. Pressing of ei ther 1ever by the rat opened the part it i on and allowed the ani ma 1 to escape into the adj acent chamber. Responses were designated "avoidance," "escape" or "failure" according to the same criteria as in the primate studies.
Exposures. The effects on escape performance of five-minute exposures to CO and HCl were investigated in the rat. With CO, each of four or six animals was exposed to each of four concentrations in order to evaluate concentrationresponse relationships for the escape performance measures and to derive an EC 50 value for escape failure. For these exposures, the rodent shuttlebox was placed inside the exposure chamber of the primate test system and connected to the computer control system.
For the HCl exposures, the rodent shuttlebox was interfaced with a 300-liter acrylic exposure chamber in a manner that allowed the exposure cage to be located within the acryl ic chamber and the escape cage outside of this chamber. Each animal was exposed only once to HC1. The procedures for the generation and analyses of CO and HCl exposure atmospheres were basically the same as for the primate studies.
RESULTS
Effects of carbon monoxide on esca e erformance of the baboon and the rat. The results of the experiments wtth C in Table 1 baboons and in Table 2 (rats) show a decreasing percentage of escaping animals, both baboons and rats, with increasing average concentrations of CO.
Linear regression analysis of performance data for the baboon did not show a statistically significant relationship between CO concentration and escape time or other performance parameters of those subjects that successfully performed the escape task. In rats, however, escape time increased as CO concentration increased (p<0.05). None of the other performance parameters of rats was affected by exposure to CO. The concent rat i on-response curves for escape performance of the two speci es (Fi gure 2) were obtained by plotting percentage of failures against the logarithm of the mean CO concentrat i on and deri vi ng the best fitti ng 1i ne by the probit method of Finney (4) . From these curves, EC 50 values for escape failure were determined to be 6850 ppm (95-percent confidence 1imits:
6043-7773) for the juvenile baboon and 6780 ppm (95 percent confidence limits: 6367-7271) for the rat. Concentration-response curves and EC 50 values for escape failure of the baboon and the rat by carbon monoxide Effects of acro1ei n on escape performance of the baboon.
98~-------------------
In ni ne experiments in which baboons were exposed for five minutes to acrolein at average concentrations of 12 to 2780 ppm (Table 3) , all subjects except one made avoidance responses.
In the one exception (95 ppm), the subject was mobile and did not exhibit signs of incapacitation but did not perform the escape task. The result is not considered meaningful, however, because the shock stimulus did not operate in this experiment and, in addition, animals exposed to much higher concentrati ons were able to perform the task. In most experiments, test escape times were less than pre-exposure mean escape times, suggesting that the animals were attempting to escape from the irritant environment, but the difference was not statistically significant.
Nor did statistical analyses of the data indicate any effect of acrolein on other performance parameters. Although escape performance was not impaired, irritant effects were evident at all concentrations of acrolein, increasing in severity from blinking and closure of the eyes and rubbing of the eyes/nose at lower concentrations to salivation, nasal discharge, violent shaking of the head and nausea at higher concentrations.
The animals exposed to the two highest concentrations (1025 and 2780 ppm) expired at 24 and 1.5 hours, respectively, following exposure, with severe pul mona ry edema and hemorrhage as the most si gnifi cant hi stopathol ogi c findings.
Effects of hydrogen chloride on escape performance of the baboon and the rat.
In eight experiments in which baboons were exposed for five minutes to average HCl concentrations of 190 to 17,290 ppm (Table 4) , all animals performed the escape task, with avoi dance responses by si x subjects and escape responses by two subjects. Statistical analyses of the data did not indicate a significant re 1at i onsh i p between ac ro 1ei n concent rat i on and escape time or other performance parameters except for i ntertri a1 responses, whi ch showed a s i gnifi cant increase with increasing concentrations (p<O.05).
Irritant effects were observed at all concentrations except the lowest, increasing in severity from coughing and frothing at the mouth at lower concentrations to profuse saliva- Test values significantly (p<O.05) increased with increasing concentrations.
Subjects expceed to Hel one time.
Subject not previously expoeed to Hel but exposed to 95 ppm ecro Iefn eeveral months earlier.
tion, blinking/rubbing of eyes, and shaking of head at higher concentrations. In animals exposed to the two highest concentrations (16,570 and 17,290 ppm), severe dyspnea persisted after exposure, with death at 18 and 76 days, respect i vely, post exposure. Hi stopathol ogic exam; nat; on revealed pneumoni a, pulmonary edema and tracheitis with epithelial erosion.
In twelve experi ments in whi ch rats were exposed for 5 mi nutes to HCl at concentrations of 11,800 to 87,660 ppm (Table 5) , all animals performed the escape task, except at the highest concentration which resulted in death during exposure. Statistical analyses of the data did not indicate any effect of HCl on escape time or other performance parameters, except for the number of intertrial responses which significantly (p<0.05) increased with increasing concentration. An concentrations produced signs of severe irritation (respiratory tract and/or eyes), with persistent respiratory effects and post-exposure lethal ity produced by exposure to concentrations of 15,250 ppm and greater. The times at which post-exposure deaths occurred ranged from 3 minutes to 13 days following exposure, and were correlated inversely with HCl concentration. 
DISCUSSION
The similarity of 5-minute EC 50 values for CO-induced escape failure in the baboon and rat suggests that the rat may be a useful model for evaluating the potential of CO atmospheres to cause loss of escape capability in nonhuman primates and, possibly, in man. Additional insight into the utility of the rat as a model for man may be obtained from Kimmerle's (5) human toxicity data which indicate that symptoms produced in some individuals at between 30 and 40 percent carboxyhemoglobin (COHb) may be sufficiently severe as to prevent escape. Using the Stewart-Peterson equation (6) with a respiratory minute volume (RMV) of 20 liters (light activity), this range of COHb saturation may be anticipated in man after a 5-minute exposure to from 7,000 to 9,000 ppm CO. These exposures equate to a concentration-time product (Ct ) , t ,e ,; accumulated dose, of 35,000 to 45,000 ppm-minutes. The 5-minute EC 50 Ct values obtained for the baboon (34,250 ppm-min) and the rat (33,900 ppm-min) are near this range, providing support for the usefulness of the the rat and baboon (with the shuttlebox) for estimating the potential of CO atmospheres to prevent human escape. Comparable Ct values reported for incapacitation of rats by CO using other methods, such as the rotarod (7), the motor-driven exercise wheel (8) and leg-flexion shock avoidance (9) , indicate that these methods, also, may have utility in estimating the effects of CO-containing atmospheres on human escape capability.
In the experiments with acrolein, a five-minute exposure did not prevent the baboon from performing the escape task, even at concentrations (1025 and 2780 ppm) that cause post-exposure lethality. These results do not appear to be consi stent with cl aims that the RD 50 concentrati on of an irritant gas wi 11 i ncapacitate man within a few minutes (10, 11) , in view of the reported RD 50 concentration of only 1.7 ppm of acrolein in mice (12) . The effects of acrolein on escape performance of the rat were not investigated in these studies nor are experimental data for acrolein using other methods for measuring incapacitation of rodents available in the literature.
Unpublished data provided by the FAA/CAMI laboratory, however, indicate that 5-minute exposures to approximately 5000 to 10,000 ppm of acrolein incapacitate the rat in the motor-driven exercise wheel and cause post-exposure lethality (13) . It is possible that these concentrations would produce sufficient pulmonary damage in the baboon within 5 minutes to prevent performance of the escape task.
Thus, both the rat and the baboon appear to be highly tolerant of the incapacitating effects of acrolein.
The results obtained with HCl in baboons were similar to those with acrolein in that 5-minute exposures to HCl did not prevent the baboon from performing the escape task, even at concentrations (approximately 17,000 ppm) that caused severe post-exposure respi ratory effects and lethal i ty , These results al so do not appear to be consistent with the prediction that man will be incapacitated within a few minutes by the RD 50 concentration (309 ppm in mice [12J) of HC1. Rats, also, tolerated high concentrations of HCl (11,800 to 76,730 ppm) without loss of performance of the escape task, although post-exposu re 1etha 1it i es occurred at concent rati ons above approxi mately 15,000 ppm. These results are in accord with those of experiments conducted by the FAA/CAM I laboratory (13) in which approximately 5 to 7 minutes of exposure to 65,000 to 100,000 ppm incapacitated rats in the motor-driven exercise wheel, with subsequent lethality.
From the results of these studies and those of Crane (13) , the rat and baboon appear to be capable of enduring high concentrations of acrolein or HCl without i ncapac itat i on or loss of escape capabil i ty, These resu 1ts a re not consistent with the conclusions of Henderson and Haggard (14) that a concentrat i on of 24 ppm of aero1ei n is unbearable and of 10 ppm and above is 1etha1 to man in a short time and that inhalation of 1000 ppm of HCl is dangerous. It is possible that this inconsistency is due to species differences in sensitivity to irritant gases. However, it is also possible that man can tolerate higher concentrati ons of irritant gases than anti ci pated, when unavoi dab1e , without complete loss of escape capability.
